Large plasmids were detected in Rhizobium species by sedimentation analysis of lysates on alkaline sucrose gradients and by dye buoyant density centrifugation. Mitomycin C treatment did not increase the amount of plasmid DNA in the bacteria. Renaturation kinetics were used to confirm that these large DNA molecules had the molecular complexity of plasmids and to estimate their molecular weights. These ranged from 0.7 x roS to 4 . 0~ IO* daltons. The maximum yield of isolated plasmid DNA relative to chromosomal DNA was 3-8 %.
INTRODUCTION
The Gram negative bacterium Rhizobium can form root nodules in a complex symbiosis with legumes (Dixon & Cannon, 1975; Dilworth, 1969) . The triggers for the initiation of this symbiosis are still unknown (Libbenga & Bogers, 1974; Brill, 1975) . Possibly plasmid genes are involved in its establishment since rhizobia treated with acridine dyes or chemicals known to eliminate extrachromosomal DNA lose their ability to form nodules (Higashi, 1967; Dunican & Cannon, I97T ; Zurkowski, Hoffman & Lorkiewicz, 1973) . The isolation of plasmid DNA from rhizobia by dye buoyant density centrifugation of ' cleared' lysates has recently been reported Luyindula et al., 1975; Dunican, O'Gara & Tierney, 1975) ; but only gave an estimation of its molecular weight (about 28 x 106 daltons). No findings correlating nodule formation with the presence of plasmid have yet been published. It has been suggested that nitrogen fixation genes might be plasmid borne in Rhizobium (Dunican & Tierny, I974) , although no additional evidence to support this idea has been reported.
In this paper, we report conditions suitable for the reproducible recovery of large plasmids from Rhizobium species, which are not detected when using 'cleared' lysates. Estimates of the molecular weight of the plasmids based on renaturation kinetics data are presented and the possible significance of such large extrachromosomal DNA in Rhizobium is discussed.
METHODS
Bacterial strains and their symbiotic or biological properties are listed in Table I . Cultivation of bacteria. The strains of Rhizobium were maintained by weekly subculturing on slants of yeast/mannitol/agar (YMA) containing (g 1-l) : K2HP04, 0.5 ; MgS04. 7H20, 0.2; NaCl, 0.1 ; yeast extract (Difco), 0.4; mannitol, 10.0; and agar (Difco), 15.0; the pH was adjusted to 6.9 before sterilization. Liquid cultures were grown in yeast/mannitol/broth (YMB) which had the same composition as YMA without agar. Unless otherwise indicated, 25 ml cultures were inoculated from slants and shaken at 29 "C on a rotary shaker at 250 rev. min-l. All Rhizobium strains used for plasmid DNA analysis were able to nodulate the appropriate host.
Agrobacterium tumefaciens strain LBA6OI was cultured as described by Ledeboer et al. Nodulation tests. Enclosed cultures on seedling agar were carried out according to Vincent (1970) . Each R. trfolii strain was tested on 12 plants of Trifolium pratense cv. 5123 and T. parvz$orum (kindly provided by Dr P. S . Nutman), each R. leguminosarum strain on eight Vicia faba and V. hirsuta, and the R. 'dolichos' strain on eight Dolichos lab lab.
Acetylene reduction by intact plants was measured in air containing 10 % (v/v) acetylene (Planquk & van Brussel, I 976) ; effectiveness for Dolichos nodules was assumed on the basis of their inner pigmentation. Gas chromatography was performed as described by Citernesi et al. (1976) .
Mitomycin C treatment. Mitomycin C was added to a final concentration of I pg ml-1 to mid-exponential phase cultures in YMB at a density of about 2 x 108 bacteria ml-1. Bacteria were sedimented after go s as described by Pariiskaya (1973).
Labelling procedure. Rhizobia were grown in YMB to a density of I x 108 bacteria ml-1.
To 0.9 ml of this bacterial culture, 0.1 mCi [3H]thymidine (30 Ci mM-l; The Radiochemical Centre, Amersham) was then added slowly and continuously by means of a peristaltic pump during a growth period of 3 to 4 h, depending on the strain used. Bacteria were grown to a density of 4 x 108 to 6 x I O~ bacteria ml-? Deoxyadenosine was not added since it did not improve labelling efficiency. After a further 30 min growth without addition of [3H]thymidine, bacteria were harvested by centrifugation at 12000 g for 20 min and plasmid DNA was isolated. Agrobacterium tumefaciens was labelled as described by Ledeboer et al. (1976) .
Plasmid isolation and puriJication. (i) Lysate preparation. Rhizobium cells were lysed as described by Ledeboer et al. (1976) with the following modifications: cells were resuspended
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in 0.45 vol. sterile TES buffer (containing 0.01 M-Tris pH 8.0, 0.05 M-NaCl and 0.05 M-EDTA) and added to 0.45 vol. lysozyme (400 ,ug ml-l; eggwhite, grade I, Sigma) in TES buffer saturated with n-dodecylamine. After 30 m h incubation on ice without stirring, 0.1 vol. 10 % (w/v) Sarkosyl NL97 (Ciba Geigy, Switzerland) in TES was added, followed by 0.1 vol. 3 M-NaOH plus I M-NaCl in TES. This procedure always gave clear lysates within a few1minutes. In some expzriments, a 3 to 7 rnin incubation at 37 "C with pronase (250 ,ug ml-l; B grade, Calbiochem), autodigested for 1.5 h at 37 "C in prewarmed TES buffer, was used before addition of Sarkosyl. Alternatively, the procedure reported by was used, which gave almosi clear lysates.
(ii) Alkaline sucrose gradients. The lysate [0.2 ml prepared by the Zaenen et al. (1974) procedure or I to 3 ml by our procedure] was sheared for 1-5 rnin in a test tube (1.6 cm diam.) using a Vortex mixer at maximum speed (Vortex Genie, Wilten, Holland). Sheared lysate (0.1 t,o I ml) was layered on a 5 to 20 % linear sucrose gradient containing I M-NaCl and 0.3 M-NaOH in TES buffer. Autoclaved sucrose stock solutions were used. Gradients were centrifuged, unless stated otherwise, for 18 min at 4 "C and 37 ooo rev. min-l using a SW41 rotor in a Beckman Spinco LIlB preparative ultracentrifuge. Alternatively, 3 ml lysate was layered on top of a 36 m15 to 20 % alkaline sucrose gradient and centrifuged for 55 rnin at 4 "C and 25000 rev. min-l in a SW2) rotor. The gradients were fractionated, precipitated and radioactivity was measured as described by Ledeboer et al. (1976) .
(iii) Dye buoyant density equilibrium centrifugation. Using neutral lysates, propidium di-iodide (A grade, Calbiochem) buoyant density centrifugation was performed as described by Ledeboer et al. (1976) .
(iv) Alkaline large scale isolation. A combination of the alkaline large-scale isolation procedure adopted by Ledeboer et al. (1976) and of the alkaline lysis procedure of Zaenen et al. (1974) was chosen. Cultures (250 ml) were grown to a density of 5 x IO* bacteria ml-1 under the same conditions as described for 25 ml samples. The bacteria were harvested and washed with the same volume of washing mixture, then resuspended carefully in 115 ml lysis buffer ; 35 ml lysing mixture (containing 0.8 M-NaOH and 5 % Sarkosyl) were added in 3 rnin with slow stirring. After shearing for I rnin with a Vibromixer (A. G. fur Chemie Apparatenbau, Switzerland), ths lysate was processed as described by Ledeboer et al. (1976) . Alkaline sucrose gradients (10 to 20 %) containing I M-NaCl were run for 70 min at 25030 rev. min-in a SW27 rotor at 4 "C.
DNA renaturation kinetics. DNA renaturation kinetics and DNA concentrations were, determinzd as described by Ledeboer et al. (1376) .
RESULTS

Lysate preparation and plasmid isolation
The carbenicillin lysis procedure developed by Ledeboer et al. (1976) ~ for agrobacteria was not suitable for the recovery of large plasmids from the Rhizobium species. Furthermore lysozyme/EDTA incubation followed by neutral Sarkosyl lysis was only suitable for isolating plasmid from R. trifolii. However, the procedure described in Methods resulted in clear lysates for all the strains studied. From these lysates, large plasmids could be isolated reproducibly in alkaline sucrose gradients, both in small (Fig. I) and large scale experiments. We also studied whether the use of pronase B or increased concentrations of lysozyme before addition of alkali was beneficial, but the isolation of large plasmids on alkaline sucrose gradients from such lysates was often unsuccessful.
Usually plasmids could only be isolated when alkaline conditions for lysis were used, though that from R. tr$oZii strain 5 could be isolated from neutral lysates by propidium di-iodide buoyant density centrifugation (Fig. 2) .
A 250 ml culture of R. Zeguminosarum strain 1001 at a concentration of 5 x IO* to 6 x IO* bacteria ml-l yielded g pg plasmid DNA. Assuming one plasmid copy per cell and1taking into account the molecular weights determined by renaturation kinetics, the recovery is Large plasmids in Rhizobium species 245 about 25 % of the theoretical value. By renaturation kinetics the purity of the plasmid preparations was estimated to be over 90 % (Ledeboer et al., 1976) .
Plasrnid characterization
The sedimentation profiles of clear lysates of rhizobia in alkaline sucrose gradients are shown in Fig. I . Agrobacterium turnefaciens strain LBA~oI, lysed as described by Ledeboer et al. (1976) , was used as an internal standard because it carries both the large (1.1 x 108 daltons) TI plasmid (Zaenen et nl., 1974) and RP4 which has a molecular weight of 40 x 106 daltons (Datta et al., 1971 ; O'Gara & Dunican, 1973) . The large Rhizobium plasmids were invariably lost when alkaline sucrose gradients were run for longer than 22 min using a SW41 rotor in a Beckman Spinco LIIB preparative ultracentrifuge. For most strains good separation of plasmid and chromosomal DNA occurred in runs of 17 to 20 min.
The nature of the peaks in the alkaline sucrose gradients was established by determination of the molecular complexities using renaturation kinetics (Ledeboer et al., 1976) . As standards, the molecular weights of the A . tumefaciens TI plasmid and chromosomal DNA were used [I.I x 108 and 3-7 x 109 daltons respectively (Zaenen et al., 1g74) ]. The satellite peaks in alkaline sucrose gradients appear to represent plasmid DNA (Fig. 3) and their molecular complexity was 10 to 25 times lower than that of the chromosomal DNA of A . turnefaciens strain LBA~OI.
The molecular weights of the Rhizobium plasmids studied were generally higher than that of the Agrobacterium TI plasmid ( Table 2 ). The plasmid from R. trifolii strain 5 had the highest molecular weight; but although it also had the highest sedimentation value, the latter was not consistent with the high molecular complexity.
To determine whether the number of plasmid copies per cell could be increased, bacteria were treated with mitomycin C. No effect on copy number was observed.
D I S C U S S I O N
Other workers Luyindula et al., 1975; Dunican et al., 1974) using 'cleared' lysates were unable to demonstrate the presence of large plasmids in Rhizobium species. This was probably because the initial step in their preparation involved the removal of chromosomal DNA as part of a membrane complex and so large plasmids which are tightly associated with the membrane or the chromosomal DNA, such as the Agrobacterium TI plasmid (Ledeboer et al., 1976) , are lost. This phenomenon has been encountered with other plasmids (Kline & Miller, 1975 ; Palchaudhuri & Chakrabarty, 1976) . Neutral lysates were always less clear than the alkaline ones and, except for R. trifolii strain 5, it was not possible to isolate the large Rhizobium plasmids using neutral conditions. To make the neutral lysates clearer we used Rhizobium grown in the presence of carbenicillin, as described for Agrobacterium (Ledeboei et al., 1976) . Probably due to the much lower growth rate of rhizobia, carbenicillin did not sufficiently alter wall structure to promote lysis by lysozyme.
The presence of a very large plasmid in R. trifolii strain 5 is suggested by the renaturation kinetics data. The sedimentation profile (Fig. ~a ) shows that this plasmid is somewhat larger than that from R. legurninosarurn 1001, but its molecular weight is different when calculated from renaturation data. It is possible that two different plasmids of comparable molecular weight sediment at the same position. This would be consistent with the very high molecular complexity of the R. trifolii strain 5 plasmid. A similar discrepancy caused by the presence of two different plasmids has recently been observed for Agrobacterium strain LBAZ (A. M. Ledeboer, unpublished data). The four nodule-forming effective strains of Rhizobium harboured large plasmids having molecular weights in the range of 1.3 x ro8 to 4.0 x ro8 daltons. The two non-infzctive strains carried large plasmids with lower molecular weights. These were not geneticallymarked isogenic strains and so it is not possible to draw any conclusion from these data about the involvement of plasmid genes in nodulation. However, a large plasmid controls the interaction between A , tumefaciens and the plant cell in crown gall formation (van Larebeke et al., 1974 (van Larebeke et al., , 1975 . It is possible that something similar occurs in nodule formation
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by Rhizobium as agrobacteria and rhizobia are taxonomically closely related (Gibbins & Gregory, 1972 ; White, 1972) . Nodulating effective rhizobia, able to induce tumours, have been produced by transferring the TI plasmid from Agrobacterium (Hooykaas et al., 1977) . Therefore, it seems worthwhile to investigate whether the large plasmids of Rhizobium are involved in the establishment of the association between plant and bacterium.
